Receptor endocytosis is important for signal activation and transduction. However, how a receptor 22
Syp22-RFP, respectively. Thus, ERL1-YFP predominantly resides on the MVB. This is further 115 confirmed by a pharmacological approach using Wortmannin (Wm), a fungal drug that can cause 116 fusion of MVBs by inhibiting phosphatidylinositol-3 (PI3) and phosphatidylinositol-4 (PI4) kinases 117 (Foissner et al., 2016) . The Wm application on Arabidopsis seedlings resulted in the formation of 118 typical ring-like Wm bodies marked by both ERL1-YFP and RFP-Ara7 ( Figure 1C ). Taken together, 119
these results indicate that, within the stomatal precursor cells, ERL1 undergoes endocytic 120 trafficking from plasma membrane to MVB. 121 122
TMM is required for the process of ERL1 endocytosis in true leaves 123
Endocytosis is an essential process to regulate cell signaling by controlling the turnover of plasma 124 membrane proteome. We wondered if ERL1 endocytosis is related to its biological signaling. A 125 previous work has shown that ERL1 forms a heterodimer with TMM, a receptor protein, to create a first step to test whether active ERL1 signaling is a prerequisite for its endocytosis, we monitored 130 ERL1 dynamics in tmm background (Figure 2A) . Interestingly, the number of cells with ERL1-131 background with no significant difference (Figures 2A, C) . Furthermore, BFA treatment in the 141 presence of protein synthesis inhibitor cycloheximide (CHX) conferred ERL1-YFP-positive BFA 142 body formation in both wild type and tmm mutant with no discernable difference ( Figure S1 ). Thus, 143
the results indicate that ERL1 proteins deriving from an endosomal recycling pathway, but not 144 from a secretory pathway, contribute to BFA body formation and that TMM does not influence 145 recycling of ERL1. 146
Next, the seedlings were treated with Wm. In sharp contrast to the BFA treatment, the Wm 147 treatment conferred significant reduction of ERL1-YFP-marked Wm-bodies in tmm compared to 148 that in wild type (Figure 2D and E, 30% in wild type vs. 12% in tmm, p = 0.031, Student's t-test). 149
Combined, the results suggest that TMM is essential for the internalization of ERL1 to MVB, rather 150 than the recycling of ERL1 to the plasma membrane. To rule out the possibility that the reduced 151 ERL1 endocytosis in tmm is due to defects in the general endocytic degradation machinery, we 152 examined the effects of tmm on general endocytosis using FM4-64, a styryl dye used to trace the 153 endocytic pathways in Arabidopsis (Meckel et al., 2004)( Figure S1A ). In wild type, 92.8% (n=20 154 cells) of ERL1-YFP-labelled endosomes can be stained by FM4-64. In tmm, however, FM4-64 155 still internalizes to multiple endosomes whereas ERL1-YFP fails to internalize in 70% of the cells 156 examined (n=30 cells) ( Figure S1A ). We next examined the effects of tmm on the formation of 157
MVBs. In the cells co-expressing RFP-Ara7 and ERL1-YFP, no significant difference was 158 observed in the numbers of RFP-Ara7-marked endosomes and Wm bodies between wild type 159 and tmm (3.68 endosomes/cell in wild type vs. 4.12 endosomes/cell in tmm and 2.45 Wm 160 bodies/cell in wild type vs. 3.00 Wm bodies/cell in tmm). In contrast, the tmm mutation conferred 161 substantial reduction in ERL1-YFP-marked endosomes and Wm bodies (2.27 endosomes/cell in 162 wild type vs. 0.78 endosomes/cell in tmm and 1.84 Wm bodies/cell in wild type vs. 0.73 Wm 163 bodies/cell in tmm), all of which colocalized with RFP-Ara7 ( Figure S2B , C). Thus, TMM is 164 specifically required for ERL1's endocytic sorting pathway to MVB, a hallmark for eventual 165 receptor degradation in a vacuole (Geldner and Robatzek, 2008) . 166
To further explore the role of TMM for the ERL1 receptor dynamics on plasma membrane, 167
we performed fluorescence recovery after photobleaching (FRAP) assays on ERL1-YFP on the 168 plasma membrane, and the half time of fluorescence recovery was calculated from modeling to 169 exponential curves (Figure 2F and G) . In wild type, the calculated mean half time of ERL1-YFP 170 fluorescence recovery (t1/2) was 23.55 ± 5.55 sec, whereas in tmm it was 70.89 ± 24.63 sec 171 ( Figure 2G ). The longer recovery time of ERL1-YFP in tmm could be explained by the slower 172 removal of the photobleached receptor molecules from the plasma membrane due to decreased 173 internalization. Combined, these results support a notion that, in the absence of TMM, un-174 activated ERL1 receptors are not readily targeted for endocytic pathway and, consequently, 175 remain stable on the plasma membrane. 176 177
Dominant-negative ERL1 receptor is predominantly at the plasma membrane 178
It has been shown that removal of the cytoplasmic kinase domain from ERECTA-family RLKs 179 confers strong dominant-negative effects both in aboveground organ growth and in stomatal 180 patterning (Shpak et al., 2003; Lee et al., 2012) . The dominant-negative ERL1ΔK can directly 181 binds its ligand EPF1 through the extracellular LRR domain. However, it is unable to signal and, 182 consequently, confers paired and clustered stomata, thereby phenocopying epf1 mutant (Figure 183 3A and B) (Lee et al., 2012). We examined the subcellular dynamics of the dominant-negative 184 ERL receptor, ERL1ΔK fused with CFP driven by its endogenous promoter (ERL1pro::ERL1ΔK-185 CFP) ( Figure 3C ). Strong CFP signal is detected on the plasma membrane of stomatal precursor 186 cells, but only very few mobile punctae can be seen within cells ( Figure 3C ). Similar to ERL1 187 behavior in tmm mutant, the dominant-negative ERL1 is sensitive to BFA treatment ( Figure 3D , F 188 and G), with 86% cells possessing ERL1ΔK-CFP-marked BFA bodies. This BFA sensitivity of 189 ERL1ΔK was also observed in the presence of CHX ( Figure S1 ), indicating that they represent 190 recycling populations. In contrast, ERL1ΔK-CFP exhibits insensitivity to Wm treatment, with only 191 18% cells showing Wm bodies highlighted by ERL1ΔK-CFP ( Figure 3D , F and G). Notably, the 192 reduced endocytosis of ERL1ΔK-CFP is not due to defects in the general endocytosis process, 193 as FM4-64 can still internalize in the ERL1ΔK-CFP positive cells on the transgenic seedling 194 epidermis, like it does in cells with the full-length ERL1 ( Figure 3E ). These results suggest that 195 activation of ERL1 signaling is required for the receptor internalization. 2017). We therefore tested whether the ERL1 internalization is ligand dependent. For this purpose, 202
we first examined ERL1-YFP dynamics in epf1 mutants. As shown in Figure S3A Considering the high similarity among the 11 EPF members, it is possible that the 208 functional redundancy of other EPFs alleviates the defect of ERL1 internalization in epf1. To 209 overcome the genetic redundancy, we took advantage of the biologically-active mature EPF1 210 were applied to the true leaf epidermis of 7-day-old seedlings expressing ERL1pro::ERL1-YFP. 212
The number of ERL1-YFP-positive endosomes per cell increases as the peptide concentration 213 increases (Pearson correlation, r=0.56, p= 2.2 e-16; Figure S3C , E), indicating that MEPF1 214 peptide triggers the internalization of ERL1 in a dosage-dependent manner. In the tmm 215 background, however, the number of ERL1-YFP-positive endosomes per cell remains low 216 regardless of the MEPF1 dosage applied ( Figure 4D , F). Thus, in the absence of TMM, ERL1-217 YFP endocytosis is insensitive to MEPF1 application, consistent with the genetic evidence that 218 the tmm mutation is epistatic to induced EPF1 overexpression (iEPF1) ( Figure 4B) formation by MEPFL6 is more sensitive in tmm mutant than in wild type ( Figure S4 ). In contrast 233 to MEPF1, MEPFL6 application induced ERL1-YFP internalization in a dosage-dependent 234 manner regardless of the presence or absence of TMM ( Figure 5C -F). The results indicate that 235 TMM is not required for EPFL6-triggered ERL1-YFP internalization. Rather, the ERL1-YFP 236 endocytosis accurately reflects the activity of ERL1 signaling to inhibit stomatal development 237 ( Figure 5 and Figure S4 ), thereby supporting the notion that distinct EPF/EPFL peptide ligands 238 activate a sub-population of ERL1 receptor complexes to internalize through a TMM-based 239 discriminatory mechanism. Figure S5A ). We subsequently treated Stomagen peptides to ERL1-YFP in the erecta 250 erl1 erl2 triple mutant background to remove any potential redundancy among three ERECTA-251 family receptors. Strikingly, strong ERL1-YFP signals were detected in a ring-like structure 252 surrounding the nucleus ( Figure 6B ), which co-localizes with the endoplasmic reticulum marker 253 protein RFP-KDEL ( Figure 6B ). Thus, Stomagen application results in accumulation of ERL1 in 254 the endoplasmic reticulum. 255
Next, to examine a consequence of inactive ERL1 receptor on its subcellular dynamics, 256
we applied Stomagen peptide on tmm seedlings expressing ERL1pro::ERL1-YFP and carefully 257 reexamined the inner cellular signal. Very faint ring-like structures were highlighted by ERL1-YFP 258 in both mock and Stomagen-treated meristemoids ( Figure S5A ). This was enhanced in the erecta 259 erl1 erl2 tmm quadruple mutant ( Figure 6C ). These ERL1-YFP signals co-localized with 260 Rhodamine B hexyl esters, a dye that stains the endoplasmic reticulum ( Figure 6C ). Thus, in the 261 absence of TMM, ERL1 accumulates in the endoplasmic reticulum. 262
To biochemically characterize the effects of Stomagen application and tmm mutation on 263 ERL1 accumulation in the endoplasmic reticulum, we further performed endoglycosidase H 264 In this study, we revealed that ERL1 endocytosis accurately reflects EPF signal perception based 301 on three pieces of evidence ( Figure 7) : first, both EPF1 and EPFL6 peptides trigger ERL1 302 endocytosis. Second, in the absence of the co-receptor TMM, ERL1 endocytosis is compromised 303 and becomes insensitive to EPF1 application. Third, the kinase domain of ERL1 is required for 304 Unlike FLS2, however, a vast majority of ERL1-YFP signal still remained at the plasma membrane 312 even after treatment of 5 µM MEPF1 ( Figure 4 ). These differences could be attributed to the roles 313 of FLS2 and ERL1 in immunity vs. development, respectively. FLS2 mediates acute pathogen-314 induced defense response, whereas ERL1 likely detects endogenous peptides to influence slower 315 processes of cell division and differentiation. A recent study showed, however, that defects in the While specific posttranslational modifications of ERL1 are yet unknown, our finding, that 322 dominant-negative ERL1 lacking the entire cytoplasmic domain fails to internalize (Figure 3) , 323
suggests that ERL1 phosphorylation may facilitate its endocytosis. 324
It has been shown that EPF1, but not EPFL6, requires TMM for the inhibition of stomatal Table S1 . were removed, and the rest of the seedlings were immersed into the above solutions, vacuumed 438 for 1 min, and immersed for 10 min before imaging. The same procedure was done for Stomagen 439 treatment except that the seedlings were immersed into the solution for 1 hour. For co-treatment 440 of cycloheximide (CHX: Sigma, C4859) and BFA, 7-day-old seedlings, with cotyledons moved, 441
were immersed into 50 µM CHX for 1 hour followed by either mock (0.3% of ethanol), or 30µM 442 BFA solution, vacuumed for 1min, and immersed for 30 min before imaging. 443
For Tyrphostin A23 (Sigma: Cat No. T7165) treatment, Tyrphostin A23 was dissolved as 444 50 mM stock using DMSO. 5-day-old seedlings were immersed into either mock (0.1% of DMSO) 445 or 50 µM Tyrphostin A23 solution, vacuumed for 1min, and immersed for 1 hour before imaging. Geldner , N., Anders, N., Wolters, H., Keicher, J., Kornberger, W., Muller, P., Delbarre, A.,  570  Ueda, T., Nakano, A., and Jürgens, G. (2003) . The Arabidopsis GNOM ARF-GEF 571 mediates endosomal recycling, auxin transport, and auxin-dependent plant growth. Cell 572 112, 219-230. (F) FRAP analyses of plasma membrane ERL1-YFP in wild type (erl1-2) or in tmm (erl1-2 tmm). 918
Shown are representative fluorescence recovery curves plotted as a function of time and fitted to 919
Single Exponential Fitting. ERL1-YFP in erl1 (top; yellow); ERL1-YFP in erl1 tmm (bottom; 920 orange).
921
(g) Quantitative analysis of the half time of fluorescence recovery of plasma membrane ERL1-922 YFP in erl1 (yellow) and erl1 tmm (orange). Lines in the boxplot show the median value. T-test 923
was performed for pairwise comparisons between erl1 and erl1 tmm. n=3 for WT and n=9 for tmm. 
